Objective To compare four potential screening strategies, and subsequent interventions, for the prevention and treatment of type 2 diabetes: (a) screening for type 2 diabetes to enable early detection and treatment, (b) screening for type 2 diabetes and impaired glucose tolerance, intervening with lifestyle interventions in those with a diagnosis of impaired glucose tolerance to delay or prevent diabetes, (c) as for (b) but with pharmacological interventions, and (d) no screening. Design Cost effectiveness analysis based on development and evaluation of probabilistic, comprehensive economic decision analytic model, from screening to death. Setting A hypothetical population, aged 45 at time of screening, with above average risk of diabetes. Data sources Published clinical trials and epidemiological studies retrieved from electronic bibliographic databases; supplementary data obtained from the Department of Health statistics for England and Wales, the screening those at risk (STAR) study, and the Leicester division of the ADDITION study. Methods A hybrid decision tree/Markov model was developed to simulate the long term effects of each screening strategy, in terms of both clinical and cost effectiveness outcomes. The base case model assumed a 50 year time horizon with discounting of both costs and benefits at 3.5%. Sensitivity analyses were carried out to investigate assumptions of the model and to identify which model inputs had most impact on the results. Results Estimated costs for each quality adjusted life year (QALY) gained (discounted at 3.5% a year for both costs and benefits) were £14<thin>150 for screening for type 2 diabetes, £6242 for screening for diabetes and impaired glucose tolerance followed by lifestyle interventions, and £7023 for screening for diabetes and impaired glucose tolerance followed by pharmacological interventions, all compared with no screening. At a willingness-to-pay threshold of £20<thin>000 the probability of the intervention being cost effective was 49%, 93%, and 85% for each of the active screening strategies respectively. Conclusions Screening for type 2 diabetes and impaired glucose tolerance, with appropriate intervention for those with impaired glucose tolerance, in an above average risk population aged 45, seems to be cost effective. The cost effectiveness of a policy of screening for diabetes alone, which offered no intervention to those with impaired glucose tolerance, is still uncertain. .
Introduction
In 2000, an estimated 171 million people worldwide had diabetes and numbers are projected to double by 2030. [1] Life expectancy in people with diabetes might be shortened by as much as 15 years, [2] ] Currently there is no systematic or structured screening policy for type 2 diabetes in the United Kingdom, though some general guidance has recently been issued by the National Screening Committee. [3] One approach to screening would be to screen only for type 2 diabetes, which will allow for early diagnosis and treatment. This might be important as early detection and treatment could prevent future associated microvascular and macrovascular complications. An estimated 50% of people with diabetes are currently undiagnosed, [4] and at presentation around 20-30% have already developed complications. [5] An alternative screening approach would be to lower the threshold of the screening test and to screen for impaired glucose tolerance and type 2 diabetes together. As well as allowing for earlier diagnosis of type 2 diabetes, interventions can be administered to those identified with impaired glucose tolerance to attempt to delay the onset of type 2 diabetes. A recent systematic review and meta-analysis of intervention trials for prevention of type 2 diabetes [6] found both lifestyle and pharmacological interventions significantly reduced the risk of type 2 diabetes in people with impaired glucose tolerance.
As no definitive trials have examined the effectiveness of screening for type 2 diabetes or impaired glucose tolerance, [7] [8] assessment of such policies has so far been conducted through simulation studies. Several decision models have been compiled that have assessed either the clinical and cost effectiveness of interventions to prevent type 2 diabetes [9] [10] [11] [12] [13] [14] [15] [16] or strategies for screening and early detection of diabetes. [7] [17] [18] [19] [20] Previous models of screening for type 2 diabetes alone have generally assessed the impact of early treatment on cardiovascular events, though some additionally included microvascular events such as retinopathy. Overall most of the models produced favourable results for screening, but cost effectiveness varied with age group screened and the population targeted for screening. Only two studies reported costs for a UK setting, [7] [19] one of which had a limited time horizon of five years. [19] Both of these studies concluded there was still uncertainty concerning the cost effectiveness of screening for diabetes.
Of the eight models assessing cost effectiveness of interventions for prevention of diabetes, only three included costs of identifying individuals with impaired glucose tolerance. [10] [12] [16] The time horizon over which the models were run ranged from just three years after the intervention up to the expected lifetime of the population. Models used data from various sources from published trials, epidemiological studies, and national statistics. In general data were limited to a few sources. All models compared a strategy of interventions against no interventions, rather than screening for impaired glucose tolerance followed by interventions, compared with no screening. All but one model simulated populations where all individuals had impaired glucose tolerance at the start of the model and the end state was development of diabetes, or death, hence only a limited section of the disease pathway was modelled. Also the models did not take into account that screening for impaired glucose tolerance will at the same time allow individuals with undiagnosed diabetes to be identified, thus allowing for early treatment and possibly reducing rates of complications. Hence, while these studies offer an assessment of the cost effectiveness of interventions for prevention of diabetes, none assessed the impact of screening followed by interventions on the whole disease pathway. In 2007 Waugh et al assessed screening or intervention strategies for type 2 diabetes in a thorough review of previous decision models. [7] We compared three active screening strategies: (a) a one-off screening for type 2 diabetes; (b) screening for impaired glucose tolerance and type 2 diabetes and intervening with lifestyle interventions in those with impaired glucose tolerance; and (c) as for (b) but with pharmacological interventions. We compared these three active screening strategies against a fourth strategy of no screening (current practice). The full pathway from screening, to interventions and treatment for type 2 diabetes, all the way through to death, was modelled.
This model directly compares the two alternative approaches of screening for type 2 diabetes alone or screening for impaired glucose tolerance and type 2 diabetes together. When modelling the effectiveness of interventions, we used all data from relevant randomised controlled trials [6] and included uncertainty around model inputs when appropriate. By carrying out several sensitivity analyses we investigated the essential elements that affect the cost and clinical effectiveness of different screening policies.
Methods
The hybrid model consists of a decision tree and a Markov model (fig 1) [f1]. The decision tree comprises three main arms, representing no screening, screening for undiagnosed type 2 diabetes, and screening for impaired glucose tolerance and undiagnosed diabetes, with either lifestyle or pharmacological interventions applied in those with impaired glucose tolerance.
Individuals who have already been identified as having type 2 diabetes are excluded from the screening process. The decision tree uses prevalence of impaired glucose tolerance and undiagnosed type 2 diabetes and estimates sensitivity and specificity of a screening test to determine how many individuals from the population start in each state of the Markov model.
The Markov model consists of seven states: normal glucose tolerance, undiagnosed impaired glucose tolerance, diagnosed impaired glucose tolerance, death, and three states for people with diabetes (undiagnosed, diagnosed clinically, or diagnosed through screening, either from a screening test or because they are diagnosed with impaired glucose tolerance initially and hence enter a surveillance programme). We ran four Markov models simultaneously, one for each of the screening strategies. Whether type 2 diabetes and impaired glucose tolerance are diagnosed or undiagnosed determines whether the patients receive relevant treatments or interventions, and they are modelled accordingly in terms of transition rates to other states.
For example, individuals identified with impaired glucose tolerance receive an intervention and the estimated intervention effect slows their progression to development of diabetes.
Each model cycle represents one year and the model is run for a time horizon of 50 years. Table - gilc531475.t1
The hybrid model was implemented within WinBUGS using a Bayesian comprehensive decision modelling approach. [22] We adopted this approach because of its flexibility in terms of statistical modelling and it enabled us to include and propagate all uncertainty in parameters throughout the model. [22] We assumed non-informative prior distributions for all model parameters. Model parameters were estimated by using Markov chain Monte Carlo simulation methods. [23] Results are based on a sample of 20<thin>000 simulations, following a "burn in" of 10<thin>000, and we assessed convergence of the Markov chain by visually inspecting trace plots and by running multiple chains with different initial values. [23] We have reported the results from the decision model with 95% credibility intervals, which are analogous to confidence intervals.
Data for the decision tree
The base case scenario for the model was a one-off screening for a population aged 45, in whom type 2 diabetes had not previously been diagnosed. Data for the decision tree-that is, test sensitivity and specificity and prevalence of impaired glucose tolerance and type 2 diabetes-were taken from the screening those at risk (STAR) study. [24] For this study, individuals aged 40-75 (white) or 25-75 (non-white) from 15 general practices in Leicestershire who had at least one recognised risk factor for type 2 diabetes were invited for screening. Risk factors included a known history of coronary heart disease, hypertension, dyslipidaemia, cerebrovascular disease, a first degree relative with type 2 diabetes, and a body mass index (BMI) >25. Therefore the screening data included in the primary model were from a population considered to be "at risk" of type 2 diabetes. For the base case model we used data only from white patients, though we used the data on South Asians for sensitivity analyses to assess results for different ethnic groups.
Transition rates and HbA 1c concentrations
To estimate annual transition rates we used several sources, including epidemiological studies and clinical trials. [25] [26] [27] [28] [29] [30] [31] [32] [33] [34] [35] [36] To estimate the annual transition rate from undiagnosed to clinically diagnosed diabetes, we used the estimated average time people have diabetes before being diagnosed. [37] We estimated the effects of interventions on the transition from impaired glucose tolerance to diabetes using studies identified in a recent meta-analysis of lifestyle and pharmacological intervention trials. [6] Death rates were taken from Department of Health statistics for England and Wales for 2000 and were increased for people with diabetes compared with those without. [38] For the three diabetic states (undiagnosed, clinically diagnosed, and screen detected) death rates varied depending on predicted HbA 1c (haemoglobin A 1c ) concentrations. [39] HbA 1c was predicted to be highest in people with undiagnosed diabetes, as they are yet to receive any interventions, and was estimated by using HbA 1c concentrations at entry to the UK prospective diabetes study [40] before treatment began. We expected HbA 1c concentrations to be the best controlled in people with diabetes detected by screening because of early detection, and estimated levels using the 10 year average from the intensively treated group in the UK prospective diabetes study. [41] For people with clinically diagnosed diabetes, we used the HbA 1c concentrations of the group receiving conventional treatment in the UK prospective diabetes study. [41] 
Quality of life variables
For the states of normal glucose tolerance, undiagnosed impaired glucose tolerance, and diagnosed impaired glucose tolerance, we assumed the utility value to be that of full health and set at 1. We calculated utilities for those with undiagnosed and screen detected diabetes from EQ-5D data, using data on individual patients made available by the Leicester arm of the ADDITION study. [42] The data were of a screen detected sample population with type 2 diabetes at baseline. For people with clinically diagnosed diabetes, utilities were taken from those reported by the UK prospective diabetes study as this comprised a clinically detected sample. [43] The utility for undiagnosed diabetes was kept constant for the whole duration spent in this state as we assumed that if complications developed, which reduced the quality of life, then a diagnosis would be made. For the states of clinically and screen detected diabetes we needed to account for the fact that duration of diabetes would lead to an increased number of complications and hence a reduction in the utility value. This was done by using reported complication rates, modelled for duration of diabetes and adjusted for estimated HbA 1c concentrations in each group and their estimated effect on utility values. [43] [44] Hence, utilities decreased for each year of duration of diabetes, to reflect increasing incidence of complications. Because of a higher predicted HbA 1c concentration, the utility value was lower at diagnosis and decreased marginally more rapidly in individuals clinically diagnosed compared with those who were screen detected.
Economic variables
We estimated costs from various sources. Screening costs included the costs of an initial screening test of fasting plasma glucose and a confirmatory oral glucose tolerance test in those who tested positive. We estimated the cost of nurse time of 5 minutes for the screening test and 25 minutes for the oral glucose tolerance test. [45] People with undiagnosed diabetes incur costs before diagnosis because of increased visits to the general practitioner and prescriptions, [46] with a reported average of three additional visits the year before diagnosis and an average of 1.4 additional visits in the two to five years before diagnosis. An estimation of these costs were included. [45] For lifestyle interventions we included dietician costs and costs of twice weekly group exercise sessions, as detailed in a previous study. [9] Costs of pharmacological interventions were based on 250 mg of metformin three times a day, the standard dose used by most intervention studies. For people with diagnosed diabetes, we took average annual costs of anti-diabetic treatment, implementation of treatment, and costs of complications from the UK prospective diabetes study. [47] For the people with diabetes detected at screening, in whom we would expect costs of complications to be lower, we used costs from the intensively treated arm of the UK prospective diabetes study. For those with clinically diagnosed diabetes, which represents how individuals are diagnosed currently, we used the reported costs of the conventionally treated group. All costs are reported in 2006 UK £, standardised using inflation indices. [45] 
Sensitivity analyses and model extensions
We carried out sensitivity analyses using a range of values of prevalence of disease, as well as compliance levels to both screening and interventions. Changing prevalence allows us to assess the effectiveness of the screening strategies for different "at risk" populations. The effects of compliance to both screening and interventions were also important as we assumed 100% compliance to both in the base case model, which could never be achieved in practice.
To evaluate the robustness of the model we also carried out sensitivity analyses on model inputs, particularly those that were estimated from only one or two sources or were thought to be important drivers in the model. These were sensitivities of screening tests, costs of interventions, costs of diabetes, effectiveness of interventions, previous distributions on the standard deviations between studies of the four meta-analyses run within the model, and the time horizon the model was run for.
For the base case scenario we considered only a one-off screening at age 45. The model was extended further to assess the impact of having one or two additional screenings, at age 50 and 60. This was done by applying the test sensitivities from the STAR study to the numbers in the states of undiagnosed impaired glucose tolerance and type 2 diabetes at the corresponding model cycle and moving the individuals to the relevant diagnosed state.
Though the base case model used prevalences and test sensitivities and specificities of a white population, the effect of screening a South Asian or a mixed race population is also relevant in the UK. South Asians are thought to have a greater risk of type 2 diabetes, with a greater prevalence of impaired glucose tolerance and a higher transition rate to type 2 diabetes. We extended this model with data from the STAR study and estimated the transition rate from impaired glucose tolerance to type 2 diabetes from the Indian diabetes prevention programme. [48] Results Table 2 shows clinical and cost effectiveness outcomes for an undiscounted model and a model discounted for both costs and benefits at 3.5% a year[t2]. Discounted costs for each QALY gained, compared with no screening, were £14<thin>150 for type 2 diabetes screening, £6242 for screening for diabetes and impaired glucose tolerance with lifestyle interventions, and £7023 for screening for both diabetes and impaired glucose tolerance with pharmacological interventions. Costs were lower in the undiscounted model: £8681, £2863, and £3429 for every QALY gained, respectively. At a willingness to pay threshold of £20<thin>000 per QALY the probability of each strategy being cost effective was 49% for screening for type 2 diabetes only, 93% for screening for both diabetes and impaired glucose tolerance and lifestyle interventions, and 85% for screening for both diabetes and impaired glucose tolerance and pharmacological intervention. Cost effectiveness acceptability curves, showing probability of cost effectiveness over a range of willingness to pay thresholds, are presented in figure 2 . Table - gilc531475.t2 gilc531475.f2 When we lowered compliance with screening, the impact on results was also minimal (table   4) .[t4] Reducing compliance with interventions, however, had a greater impact in that the total costs and cost per QALY gained increased for both the screening/intervention strategies.
The probability that these strategies were cost effective compared with no screening still remained high, with an estimated probability of 88% for screening with lifestyle interventions and 84% for screening with pharmacological interventions at the willingness to pay threshold of £20<thin>000. Table - gilc531475.t3 Table - gilc531475.t4
Other sensitivity analyses did not change the results enough to alter the conclusions of the model. Increasing the costs of both lifestyle and pharmacological interventions by a factor of 10 reduced the probabilities of cost effectiveness of their respective screening strategies to 73% and 93%, at the willingness to pay threshold of £20<thin>000. Increasing the costs of diabetes by a factor of two reduced the probability of cost effectiveness to 49% for screening for type 2 diabetes only, 93% for screening with lifestyle interventions, and 85% for screening with pharmacological interventions at the same threshold. As we increased the time horizon the model was run for, the probability of the three active screening strategies being cost effective compared with no screening increased. This is because the benefits of screening or interventions are not all immediate and most occur in later years of the model, when type 2 diabetes is either delayed or complications are reduced through early diagnosis and treatment.
The intervention strategies became cost effective when we considered a time horizon of at least 30 years (probability of being cost effective of 0.97 for lifestyle and 0.91 for pharmacological interventions at the willingness to pay threshold of £20<thin>000). Overall, the model's conclusions were robust to changes made to the sensitivity analyses, giving strength to the conclusions. Increasing the number of screenings of the population increased both total costs and QALYs, which resulted in minimal increases in the cost per QALY for each of the three active strategies (table 5) .
[t5] When we ran the model for a South Asian cohort, results for QALYs were lower because of a higher prevalence of type 2 diabetes at the start of the model and an increased rate of transition to diabetes (table 6).
[t6] Neither increasing the number of screens or considering different ethnic cohorts led to a change in the overall model conclusions, in that both the strategies involving interventions for prevention of diabetes seem to be cost effective compared with no screening in an "at risk" population. Table - gilc531475.t5 Table - gilc531475.t6
Discussion
Screening for impaired glucose tolerance in people at risk of diabetes and intervening with either lifestyle or pharmacological interventions is a cost effective health policy. Although screening for type 2 diabetes alone gave a relatively low predicted incremental cost per QALY of £14<thin>150, because of uncertainty in the model the probability of this strategy being cost effective was only 49% at the willingness to pay threshold of £20<thin>000. (this deleted sentence was suggested by one of the reviewers but after further discussion with colleagues we would like it removed)
Strengths and weaknesses
Previous studies have compared the cost and clinical effectiveness of intervening in people with impaired glucose individuals to delay onset of type 2 diabetes. [9] [10] [11] [12] [13] [14] [15] [16] Results were all favourable in terms of cost and clinical effectiveness but as the models were designed to assess the effectiveness of interventions rather than screening and intervening, none of the models included a state of undiagnosed diabetes and assumed management of diabetes started as soon as the disease developed. Our model considered the whole screening and intervention pathway from screening to death and a comparison of different approaches to diabetes screening and prevention.
Differences in clinical outcomes between the no screening strategy and the three active screening strategies were small, partly because they were reported as an average for a screened population with mixed glucose tolerance. Also microvascular and macrovascular outcomes were not measured individually in this model, which might show benefits from the early detection or delay of type 2 diabetes.
Our model makes several assumptions. No transition was allowed from normal glucose tolerance to diabetes without first passing through impaired glucose tolerance. This is because it is clinically unlikely that an individual would change from normal glucose tolerance to diabetes within a year, which is one model cycle. No transition was allowed from diabetes back to impaired glucose tolerance or from impaired to normal glucose tolerance. concentration could be expected to increase over time to allow more accurate modelling.
Screening costs incorporated within the model included only costs of the test and the nurse's time, therefore representing the costs of opportunistic screening. We did not include further costs of establishing systematic screening, such as the identification of eligible patients, the issuing of invitations to screening, and the chasing up of non-attenders. In practice, these additional costs would be small for each individual screened, particularly if screening was incorporated into current health checks. When modelling costs of treatment and complications associated with diabetes, we used the average yearly costs taken from the UK prospective diabetes study. As costs would be expected to start off low and then increase, this means that costs of diabetes might be initially overestimated when an individual is diagnosed and eventually underestimated by this model. In addition, as average costs were used, we did not account for issues of competing risks of complications associated with diabetes. Unfortunately, yearly data on costs of diabetes, or how the occurrence of complications impacted on the probability of other complications occurring, were not available to enable us to model costs more accurately. The issue of competing risks arises not just for costs but also for the annual probabilities of complications. Ideally, we need data on individual patients to enable the correlation structure in both the probabilities and costs to be appropriately accounted for.
As we ran the model for a time horizon of 50 years, the screened population (aged 45 at the start) aged with each cycle of the model, thus, when possible, we incorporated time dependent model parameters. For some parameters, such as the treatment intervention effects, however, we assumed that the effect was constant over time. Additionally, although compliance was high in the intervention trials from which estimates of their effectiveness were obtained, it is still to be determined whether compliance could be maintained outside a trial setting. Therefore long term compliance with interventions is an important consideration.
Sensitivity analyses of compliance with interventions found that even with compliance rates as low as 50%, the screening strategies involving either lifestyle or pharmacological interventions were still cost effective when compared with a strategy of no screening.
Conclusions
A policy of a one-off screening for type 2 diabetes and impaired glucose tolerance, with appropriate intervention for those identified with impaired glucose tolerance, seems to be cost effective in an "at risk" population. Changing compliance with screening or interventions or increasing the number of screenings did not change the conclusions of the model. Given the uncertainty in the results presented here, particularly for the assessment of screening for type 2 diabetes, , further research is needed on the long term clinical effects of early diagnosis.
Furthermore, to model the two strategies that involved interventions more accurately, we require additional information on long term compliance with interventions and their potential harms and benefits.
What is already known on this topic
In people with impaired glucose tolerance interventions are clinically and cost effective Screening for type 2 diabetes to allow early detection might be cost effective in certain groups
What this study adds
Modelling the whole screening and intervention pathway from screening to death shows that screening for type 2 diabetes and impaired glucose tolerance, followed by interventions, seems to be cost effective compared with no screening Uncertainty still exists concerning the cost effectiveness of screening for type 2 diabetes alone Screening populations with a higher prevalence of glucose intolerance might result in better clinical outcomes, although cost effectiveness seems unaffected
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